We have isolated cDNA clones encoding the pentose phosphate pathway enzymes 6-phosphogluconate dehydrogenase (6PGDH, EC 1.1.1.44) and glucose 6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) from alfalfa (Medicago sativa L.). These exhibit extensive nucleotide and amino acid sequence similarity to the corresponding genes from bacteria, Drosophila and mammals. Transcripts encoding both enzymes are expressed at high levels in roots and nodules. Exposure of alfalfa suspension cells to an elicitor from yeast cell walls results in co-ordinated increases in transcription rates for both genes, followed by increased steady state transcript levels but only slightly increased extractable enzyme activities, at the onset of accumulation of isoflavonoid phytoalexins. Levels of NADPH and NADP remain relatively constant in alfalfa cells following elicitation. The rapid transcriptional activation of 6PGDH and G6PDH does not therefore appear to be a response to altered pyridine nucleotide redox state. These genes appear to respond to early events in elicitor-mediated signalling rather than to subsequent elicitorinduced changes in secondary metabolism. Hydrogen peroxide, a potential signal for elicitation of anti-oxidative genes in biologically stressed plant cells, did not induce 6PGDH or G6PDH transcripts or enzymatic activity.
Introduction
Elicitation of isoflavonoid phytoalexin synthesis in intact tissues or cell cultures of leguminous plants involves the coordinated induction of a complex set of biosynthetic enzymes for the conversion of L-phenylalanine to antimicrobial pterocarpans or isoflavans [4] . Increases in the activi-
The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession numbers U18238 (alfalfa glucose 6-phosphate dehydrogenase) and U18239 (alfalfa 6-phosphogluconate dehydrogenase).
ties of enzymes involved in the biosynthesis of pterocarpan phytoalexins are preceded by increases in steady-state levels of the corresponding transcripts, which in turn appear to result from de novo transcriptional activation [12, 31 ] . Elicitor-responsive increases in transcript levels are not, however, restricted to enzymes directly involved in secondary metabolism. Thus, in alfalfa, elicitor induces striking increases in transcripts encoding acetyl CoA carboxylase, the enzyme which forms malonyl CoA as co-substrate for the first committed step of flavonoid biosynthesis [50] , and S-adenosyl L-methionine (SAM) synthetase, the enzyme that forms the methyl group donor for isoflavone methylation [ 18] , at the onset of accumulation of the phytoalexin medicarpin. Likewise, in parsley cell cultures, elicitation ofmethylated furanocoumarin phytoalexins is associated with increases in transcripts encoding SAM synthetase and S-adenosyl Lhomocysteine hydrolase [26] . DAHP synthase, the first enzyme of the shikimic acid pathway of aromatic amino acid synthesis, is induced in elicited parsley cell cultures [35] and in bacterially infected Arabidopsis leaves [27] . Elicitation of defense-related secondary metabolism would therefore appear to require increased enzymatic capacity from primary metabolism, which may be provided by de novo enzyme synthesis.
The formation of one molecule of medicarpin from L-phenylalanine requires six molecules of NADPH (Fig. 1) . The oxidative pentose phosphate pathway is a major source of NADPH in the cytoplasm of plant cells [46] . This pathway also provides the erythrose 4-phosphate that, along with phosphoenolpyruvate formed from glycolysis, serves as a precursor for phenylalanine biosynthesis via the shikimic acid pathway. Several studies have suggested that the pentose phosphate pathway is the source of reducing equivalents for phenylpropanoid biosynthesis, and that its activity is increased under conditions of increased flux into the phenylpropanoid pathway. Thus, 14C-glucose labelling experiments and measurement of the activity of glucose 6-phosphate dehydrogenase (G6PDH) indicated a high activity of the pentose phosphate pathway during lignification in stems of Coleus blumei, sunflower, and pea [40, 41] . G6PDH activity increases during synthesis of pterocarpan phytoalexins in bean and chickpea cell suspension cultures [10, 43] , and soybean hypocotyls [7] .
NADPH is produced by the first two steps of the oxidative pentose phosphate pathway, catalyzed by G6PDH and 6-phosphogluconate dehydrogenase (6PGDH). Cytoplasmic and plastidic isoforms, with very similar kinetic properties, exist for both enzymes in plants [22, 23, 46, 51] . The activities of the two forms of both enzymes are regulated by NADPH:NADP ratio, as NADPH is a potent competitive inhibitor with respect to NADP [11, 23] . Both forms of G6PDH are inactivated by light via a redox-regulated reaction [2] . Phenylpropanoid pathway intermediates have been shown to inhibit both tobacco 6PGDH isoenzymes [ 1 ] , although the physiological significance of this is not clear. It is not known whether the increased activities of the pentose phosphate pathway enzymes measured in crude extracts from elicited cells reflect transcriptional, post-transcriptional or metabolic regulation.
In this paper we report the characterization of cDNA clones for 6PGDH and G6PDH from alfalfa, the developmental expression of these genes, and their transcriptional activation in elicited cell cultures. Increased activities of these two enzymes during isoflavonoid phytoalexin synthesis are preceded by rapid transcriptional activation of their corresponding genes. Comparison of the kinetics of transcriptional activation with NADPH levels in elicited cells suggests that the signals for initial activation of these two pentose phosphate pathway genes are not generated by elicitor-induced changes in metabolic flux, a conclusion further supported by the observation that treatment of elicited cells with the phenylalanine ammonia-lyase (PAL) inhibitor L-a-aminooxy-fl-phenylpropionic acid (AOPP) failed to block transcriptional activation of G6PDH and 6PGDH. 
Materials and methods

Library screening
A full length potato glucose-6-phosphate dehydrogenase cDNA clone [20] was used to screen a )tZAP II (Stratagene) cDNA library constructed from poly(A) + RNA isolated from alfalfa suspension cells 2, 3 and 4 h after exposure to fungal elicitor, using the procedure of Mierendoff et al. [36] . A positive clone was used to rescreen the library and obtain apparently fulllength clones. An alfalfa 6-phosphogluconate dehydrogenase (6PGDH) cDNA fragment (see Results) was likewise used to screen the same library for isolation of an apparently full-length 6PGDH clone.
DNA sequence analysis
cDNA inserts were initially subjected to doublestranded sequence analysis on an Applied Biosystems Model 373A DNA sequencer using a fluorescent dye-labelled dideoxy terminator kit (ABI), Taq polymerase (Cetus), and forward and reverse M 13 primers. Subsequent sequencing reactions were primed with synthetic oligonucleotides based on the emerging sequence of the inserts. Deduced amino acid sequences were aligned by the CLUSTAL program [21] .
Growth and elicitation of cell cultures
Cell suspension cultures of alfalfa (Medicago sativa L.) cv. Apollo were initiated and maintained in a modified Schenk and Hildebrandt medium as described [9] . Cells were treated with yeast elicitor [47] at a final concentration of 50/~g glucose equivalents/ml, frozen in liquid N2, and stored at -80 °C.
Growth of plants
Nodulated alfalfa plants were grown, and tissues harvested, as described previously [ 18, 19] .
Analysis of RNA and DNA
Total RNA and DNA were isolated from alfalfa tissues as described previously [49] , and subjected to northern and Southern blot analyses according to the method of Church and Gilbert [8] . Final washing conditions for homologous probes were 40 mM sodium phosphate pH 7.2, 1 mM EDTA, 1~o SDS at 65 °C for 4 x 10 min. The alfalfa cinnamic acid 4-hydroxylase cDNA probe used for northern analysis was the Bam HI to Sal I fragment of clone W2a described previously [ 15 ] . The Arabidopsis tubulin gene [ 33 ] was used as a control for loading/transfer efficiency of northern blots.
Nuclear transcript run-on analysis
The following buffers were used: Honda buffer (25 mM Tris-HC1 pH 7.8, 0.44 M sucrose, 5 mM MgC12, 2.5~o Ficoll Type 400 (Sigma), 5~o Dextran T40 (Sigma), 10 mM 2-mercaptoethanol, 2 mM spermine); nuclei washing buffer (NWB, 50 mM Tris-HC1 pH 8.5, 5 mM MgC12, 10 mM 2-mercaptoethanol, 20~ v/v glycerol); nuclei resuspension buffer (NRB, 50mM Tris-HC1 pH 8.5, 5 mM MgC12, 10 mM mercaptoethanol, 50 ~o v/v glycerol). Sucrose, mercaptoethanol and spermine were added immediately before use. All solutions were prepared using DEPC-treated water. Cells (5-10 g) were ground in liquid N 2 to a fine powder with a mortar and pestle. The powder was transferred to 25-50 ml Honda buffer and stirred on ice for 5 min. After filtration through 4 layers of pre-wetted Miracloth, the nuclei were pelleted by centrifugation (1000 × g for 5 min) and resuspended in 20 ml Honda buffer. Interfering starch grains were removed by centrifugation at 100 x g for 5 min. The resuspended nuclei were centrifuged again (1000 x g for 5 min) and resuspended in 20 ml NWB. After an additional centrifugation (1000 ×g for 5 rain), the white to slightly grayish-looking nuclei (as seen under the microscope) were resuspended in 20 ml NRB. After a final centrifugation at 1000 x g for 5 min, the nuclei were resuspended in NRB (final vol 0.5-1 ml), divided into 0.1 ml aliquots and frozen in liquid N2.
Nuclei (50/~1) were thawed on ice and centrifuged for 10 s at 4 °C. To 25 #1 of the supernatant was added 10/~1 1 M (NH4)2SO4, 4/A 100 mM MgC12, 1 /~1 100 mM phosphocreatine, 4 /A 0.25 mg/ml phosphocreatine kinase, 12.5 #1 RNAsin, 31.5/~1 H20, 2/~1 NTP mix (500mM ATP, CTP, GTP) and 10/~1 UTP (200mCi, 3000 Ci/mmol). The solution was incubated at 30 °C, and the reaction stopped with 1 ~o SDS, 10 mM EDTA, after 10 to 20 min. Labelled transcripts were extracted as described previously [38] , and subsequently used to probe membranes that had been saturated with up to 5 #g denatured cDNA probe per slot. The PAL cDNA probe was the 471 bp Hind III fragment of the alfalfa pAPAL1 cDNA described previously [19] . Hybridization and washing procedures were identical to those used for northern blots.
Analysis of NADPH and NADP levels
Freshly harvested alfalfa cells (0.5 g) were immediately homogenized in 5 ml 0.1 M NaOH (for determination of NADPH) or 0.1 M HCI (for determination of NADP), incubated at room temperature for 30 min, and adjusted to pH 7.8 with 1 M HC1 (NADPH) or pH 7.2 with 1 M NaOH (NADP). Extracts (100/~1) were added to reaction mixtures containing 50 mM Tris/HC1 pH 8.0, 30 mM glucose 6-phosphate, 7.5 mM dichlorophenolindophenol (DCPIP, Sigma), 3.7mM phenazine-methosulfate (Sigma), and 5 units G6PDH (Boehringer, grade I) in a final volume of 1.0 ml. The absorbance of the cycling assay was recorded at 625 nm. Internal standards of NADP or NADPH between 50 and 400 pmol were included in the assay.
Assay of G6PDH and 6PGDH activities
Cells were extracted in 50 mM Tris-HC1 pH 8.0, 300 mM NaC1, 0.1 mM benzamidine and 0.1 mM phenylmethylsulfonylfluoride (PMSF). G6PDH activity was measured at 30 °C in 0.1 M Tris-HC1 pH 8.0, 0.4 mM NADP and 2 mM glucose-6-phosphate by measuring the change in absorbance at 340nm [20] . 6PGDH activity was similarly measured at 30 °C in 0.1 M Hepes pH 7.5, 0.4 mM NADP and 3 mM 6-phosphogluconate (Boehringer).
Results
Molecular characterization of alfalfa 6PGDH and G6PDH
In screening our cDNA library from elicited alfalfa cells for acetyl CoA carboxylase sequences, we discovered an acetyl CoA carboxylase clone that artifactually contained a second cDNA insert. On sequence analysis, this second insert showed strong similarity to bacterial, mammalian, and Drosophila 6PGDHs [3, 48, 52] . Rescreening the library with this insert resulted in the isolation of a large number of positive clones (ca. 0.3~o of the library). Sequence analysis of more than 10 independent clones revealed identical 5' and 3' sequences, suggesting that most of the clones represent a .single class of transcript which is highly expressed in the elicited cultures. The longest cDNA clone isolated (O 19) encoded a polypeptide of deduced Mr 53 625, p! 5.1, with 50 to 60~o overall amino acid sequence identity to the 6 PGDHs from sheep [52] and Escherichia coli [3] (Figs. 2 and 3 ). Although the O19 clone clearly lacks most of the 6PGDH 5'-untranslated region, it probably contains the complete coding sequence, based on alignment with other 6PGDH sequences and the transcript size (see below). Among the blocks of highly conserved sequence were a potential dinucleotide binding site (consensus GxGxxGxxxG) at amino acid positions 129-138, and the proposed 6-phosphogluconate binding site with consensus [ Screening the cDNA library with a potato G6PDH cDNA clone [20] resulted in the isolation of a single partial alfalfa G6PDH clone which was used to re-screen the library, again yielding a large number (ca. 0.3 ~o) of positive plaques. As with the 6PGDH clones, all the G6PDH clones appeared to be of the same class, based on 5' and 3' sequencing of six independent clones. The
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longest alfalfa G6PDH clone (G10) encoded a polypeptide with a deduced Mr of 58 923, pI 5.6, which exhibited 90 ~o amino acid sequence identity to the potato G6PDH and 50 to 60~o identity to G6PDHs from bacterial and mammalian sources [24, 44, 45] (Figs. 2 and 3) . G10 contains the full N-terminal coding sequence of alfalfa G6PDH, as two in-frame stop codons are found upstream of the ATG translation initiation codon. Neither the G6PDH nor the 6PGDH cDNA sequences appeared to contain plastidic signal sequences, suggesting that they encode the cytoplasmic forms of the corresponding enzymes. Southern blot analysis (Fig. 4) was consistent with both enzymes being encoded by small gene families in the alfalfa genome. However, as alfalfa is a hetero-tetraploid, the multiple bands observed on genomic blots could also be the result of alleic variation. We do not know whether chloroplastic forms of the enzymes would be detected in the
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Fig. 2. DNA and deduced amino acid sequences of alfalfa 6PGDH cDNA clone O19 (A, previous page) and G6PDH clone G10 (B). Nucleotides are numbered from the first base of the cDNA insert. The deduced amino acid sequence for the alfalfa 6PGDH and G6PDH are indicated below the nucleotide sequence in single-letter code. A potential NADP-binding site (GXGXXGXXXG), that is fully conserved in all 6-phosphogluconate dehydrogenases, and the substrate-binding sites for each clone, are boxed. Fig. 4) , and therefore whether the total number of genes encoding G6PDH and 6PGDH is higher than indicated here. 
Southern hybridization (perhaps as the weakly hybridizing bands in
Development expression of 6PGDH and G6PDH transcripts
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revealed that 6PGDH transcripts (the probe detected a single transcript of 1.8 kb) were highly expressed in roots and nodules, with only very weak expression in leaves and growing points (Fig. 5) . The highest level of expression of both G6PDH (1.8 kb transcripts) and 6PGDH was in young but fully differentiated nodules (3 weeks); this decreased as nodules matured until, after 8 weeks, the expression level was the same as in unnodulated root tissue (Fig. 6 ). In contrast, the level of cinnamic acid 4-hydroxylase transcripts (encoding the first NADPH-utilizing enzyme of phenylpropanoid synthesis) remained relatively constant during nodule development and maturation.
Transcriptional activation of pentose phosphate pathway genes at the onset of the phytoalexin response
Treatment of alfalfa cells with yeast elicitor results in the accumulation of up to 300 nmol/g fresh weight of the pterocarpan phytoalexin medicarpin [12] . Medicarpin accumulation begins about 6 to 8 h after elicitation, and is maximal around 40 h after elicitation. Northern blot analysis revealed striking induction of G6PDH and 6PGDH transcripts in elicitor-treated alfalfa cell suspension cultures (Fig. 7) . Transcript levels were strongly induced by 4 h after elicitation, followed by a gradual decline to control levels over the next 10 to 20 h. The high transcript levels were consistent with the high proportion of G6PDH and 6PGDH clones in the elicited alfalfa cDNA library. The increased transcript levels resulted in small but significant increases in the extractable activities of the two enzymes, reaching maximum levels (ca. 30~o increase) by 4 h after elicitation (Fig. 8) . The increased activity declined to control levels by 12 h in the case of 6PGDH, but G6PDH activity remained elevated for at least 18h.
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To determine whether the elicitor-induced increases in steady-state transcript levels reflected transcriptional activation of the G6PDH and 6PGDH genes, nuclear transcript run-on analysis was performed. Changes in 6PGDH transcription rates compared to those of PAL were determined in three independent experiments using different alfalfa cell batches, and G6PDH transcription was measured in two of these experiments. The data in Fig. 9 summarize these studies. Transcription of G6PDH and 6PGDH genes was rapidly activated following exposure to elicitor. Although the absolute timings of the changes in transcription rate varied considerably between Fig. 4 . Southern blot hybridization of alfalfa genomic DNA to G6PDH and 6PGDH sequences. Genomic DNA was digested with Eco RI, Hind III and Sca I, electrophoresed on 1% agarose gels, blotted onto nylon membranes and probed with full-length O19 (6PGDH, A) or G10 (G6PDH, B) inserts.
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Rt2 N3 NI4 NP5 N6 N7 2 3 4 5 6 9 (weeks) Fig. 6 . Relative levels of 6PGDH (V1), G6PDH (C)) and CA4H ( 0 ) mRNAs during nodule development. For each time point 10 #g of total RNA was separated by electrophoresis, blotted onto a nylon membrane and hybridized with the different probes. N3 to N6 represent nodule mRNAs from 3-6-week old plants, and N7 represents mRNA from old, senescing nodules harvested from 9-week old alfalfa plants. R2 represents mRNA from 2-week old alfalfa-roots; at this early stage of development, the young nodules could not yet be harvested because of their microscopic size. The blots were quantitated with a Phosphorlmager. The strongest signal for each probe during the developmental time course was normalized to 100%. of G6PDH and 6PGDH were slower than that of PAL in the early stages of induction. Thus, in the experiment shown if Fig. 9A , increased transcription of PAL was measurable 10 min after elicitation, whereas increased transcription of 6PGDH was not initiated until 20 to 30 min after elicitation. Similar results are seen for both pentose phosphate pathway genes in relation to PAL induction in the experiment shown in Fig. 9B , in which maximum transcription rates were attained at one hour post-elicitation for all three genes. In the experiment shown in Fig. 9C , increased transcription of G6PDH and 6PGDH was measurable earlier than in the two previous experiments, although the initial rate was still lower than for PAL.
Signals for activation of pentose phosphate pathway genes in elicited cells
As the above results indicated that elicitation leads to increased pentose phosphate pathway enzyme activities via transcriptional activation, we asked whether this was brought about directly through elicitor-mediated signal pathways or was a consequence of the cells' sensing of the requirement for increased production of N A D P H to support the synthesis of elicitor-induced isoflavonoids. We first measured N A D P H and NADP duction of phytoalexin biosynthetic enzyme activities (which consume NADPH) [12] and during the later increase in G6PDH and 6PGDH activities (which produce NADPH). It is therefore unlikely that NADPH level itself could act as a signal for pentose phosphate pathway gene activation.
L-~ -aminooxy -~ -phenylpropionic acid (AOPP) is a potent inhibitor of PAL activity invitro and in vivo, and effectively blocks synthesis of phenylpropanoid derived compounds in alfalfa cell cultures [28] . AOPP-treated cells can respond to elicitor-mediated signals [34] , but are blocked at the level of flux into metabolites synthesized from cinnamate, the product of the PAL reaction. Treatment of elicited alfalfa cells with AOPP at a concentration known to inhibit alfalfa PAL in vivo led to a one hour delay but only a 27.5~o decrease in maximum transcription rate for both genes (data not shown). In contrast, PAL transcription was more rapid and was 250~o higher in AOPP-treated than in control elicited cultures (data not shown), consistent with previous results which have shown super-induction of PAL transcription and activity associated with inhibition of flux into the phenylpropanoid pathway [5, 34] .
The above results suggest that transcriptional activation of pentose phosphate pathway genes is the result of early elicitor-mediated signal transduction events rather than subsequent metabolic events dependent on induction of the phenylpropanoid pathway. Hydrogen peroxide has recently been demonstrated to act as a diffusible signal for the elicitation of genes of antioxidative metabolism, such as glutahione S-transferase and glutathione peroxidase, in soybean cell cultures [ 32 ] . However exogenously supplied H202 (2 mM) failed to induce either G6PDH or 6PGDH transcripts in the alfalfa cell cultures (data not shown).
Discussion
Using the recently described potato G6PDH cDNA clone [20] as a probe, we isolated corresponding cDNAs from an elicited alfalfa cell suspension library. These clones, which were highly represented in the elicited cell culture library, appeared to represent a single class of G6PDH transcript. This alfalfa G6PDH was over 90~o identical to that from potato at the amino acid level. Neither alfalfa nor potato G6PDH clones contain a characteristic chloroplast targeting sequence or the conserved cysteine residues characteristic of light/dark redox-regulated cyanobacterial G6PDHs [20, 45] . The alfalfa G6PDH cDNA therefore most likely corresponds to a cytoplasmic form of the enzyme involved in the oxidative pentose phosphate pathway. The lack of a chloroplast target sequence suggests the same is true for the 6PGDH, the sequence of which has not been previously reported from plants. These findings are consistent with the lack of functional chloroplasts in the non-photoautotrophic alfalfa cell cultures.
A comparison of 6PGDH sequences from Drosophila, bacterial, ovine and porcine sources revealed two highly conserved sequence motifs [30] . In the alfalfa 6PGDH sequence these are located at amino acid positions 129-138 and 259-271, and represent the NADP and 6-phosphogluconate binding sites. The deduced Mr of 53625 is consistent with previous reports of 6PGDHs from soybean, spinach, and castor bean having an overall Mr of 110000 or a subunit Mr of 55000 [22, 46, 51] .
The highest levels of pentose phosphate pathway enzyme transcripts in alfalfa plants were observed in root nodules and non-nodulated root tissue. In soybean, the high activity of 6PGDH and corresponding flux through the pentose phosphate pathway in the plant fraction of root nodules has been proposed to be associated with the requirement for synthesis of purine ribonucleotides (via ribulose 5-phosphate), for production of ureides, the transport form of fixed nitrogen in soybean [22, 30] . However, alfalfa nodules, which transport fixed nitrogen in the form of amides, have similar overall pentose phosphate pathway activity to soybean nodules [30] , suggesting the need for alternative explanations of the high pentose phosphate pathway activity. In pea roots, 6PGDH and G6PDH activities have been implicated in the production of reducing power for nitrite reduction in the plastids [14, 39] . Our analyses did not distinguish between plastidic and cytosolic activities.
Both G6PDH and 6PGDH have been reported to be higher in leaves of Citrus species resistant to infection by the bacterial pathogen Xanthomonas campestris cv. citrithan in susceptible species [25 ] . This may be associated with increased levels of pre-formed antimicrobial phenolic compounds in the resistant species.
The activities of both G6PDH and 6PGDH increase at the onset of phytoalexin accumulation in elicited alfalfa cell suspension cultures, preceded by increased steady-state transcript levels and transcriptional activation rates. The relatively small overall increases in extractable activities (compared to those of several of the enzymes of the phenylpropanoid/isoflavonoid pathway [ 12] ) are perhaps surprising in view of the extent of the increase in steady state transcript levels, but are similar to the changes in G6PDH reported in elicited bean and chickpea cell suspensions [10, 43 ] . In soybean, fungal elicitation was reported to have no effect on G6PDH activity in cell cultures, although the enzyme was induced in hypocotyls, but not significantly in roots, following infection 897 with Phytophthora megasperma f. sp. glycinea [6, 7, 29] .
Is induction of the pentose phosphate pathway necessary to support the synthesis ofisoflavonoid phytoalexins in elicited alfalfa cells? Medicarpin synthesis involves 6 enzymatic activities requiring NADPH (Fig. 1) . The total NADPH requirement for phytoalexin synthesis from L-phenylalanine is ca. 1800 nmol/g fresh weight over the first 20 h after elicitation, based on accumulation of 300 nmol/g fresh weight total medicarpin (aglycone plus conjugate) over this time period [12] . Literature values for the KmS for NADPH for some of these enzymes are 17/~M (CHR), 20-50 #M (IFR) and 40-45/~M (PTS) [4, 16, 17, 53, 54] . Thus, the concentration of NADPH in unelicited cells is poised at around the K m values for this set of enzymes. As other NADPH-consuming reactions will also be occurring in the cells, replenishment of cytoplasmic NADPH may be a metabolic priority which can only be achieved by increased enzyme production, and the small changes (ca. 30~o) reported here may be sufficient. It will be interesting in the future to determine the reason for the apparent discrepancy between transcript levels and enzyme activity for G6PDH and 6PGDH in the elicited cells. This may reflect a low rate of recruitment of the transcripts into polysomes, or the synthesis of new enzyme which is either inactive or subsequently inactivated.
Elicitor-mediated transcriptional activation of genes encoding early enzymes of isoflavonoid biosynthesis (e.g. PAL and CHS) is highly coordinated [31 ] , suggesting response to a common signal transduction pathway. The initial transcription kinetics of G6PDH and 6PGDH are mutually co-ordinated, but these genes are activated somewhat later than the PAL group. However, the timing of induction of the two pentose phosphate pathway genes, and the still significant activation of both genes in cells in which flux into the phenylpropanoid pathway is inhibited with AOPP, suggest that downstream metabolic sensing of requirement for NADPH production is not the signal for pentose pathway gene activation. It appears, from the induction kinetics, that both genes respond to a secondary signal generated during the first 10 min post-elicitation. This signal does not appear to be hydrogen peroxide, which has been implicated as a diffusible elicitor of antioxidative enzymes at the onset of induction of phytoalexin synthesis in soybean cells [32] .
